Abstract. Antenna coupling to the shear Alfvh wave by both direct excitation and fast-wave resonant-mode conversion is modelled analytically for a plasma with a one-dimensional linear density gradient. We demonstrate the existence of a shear Alfv6n mode excited directly by the antenna. Far localized antennae, this mode propagates as a guided beam along the steady magnetic field lines intersecting the antenna. Shear Alfvhn wave excitdan by resonant-mode conversion of a fast wave near the Alfv6n resonance layer is also demonstrated and we prove that energy is conserved in this process. We compare the efficiency of these two mechanisms of shear AIfv6n wave excitation and present a simple analytical formula giving the ratio of the coupled powers Finally, we discuss the interpretation of some experimental results.
Introduction
In the ideal MHD limit, the equation of wave motion in a one-dimensionally inhomogeneous magnetized plasma is of second order and has a continuous spectrum of eigenvalues (Hasegawa and Uberoi 1982) . For a fixed parallel wavenumber kz defined by the antenna, the equation exhibits a resonance at the location which satisfies the Alfv6n wave dispersion relation, o = kLUA, where UA is the Alfvtn speed, U* = Bo/(pop)'P, BO is the steady magnetic field, p the plasma mass density and o the radian frequency. The resonance is referred to as the Alfvtn or perpendicular ion cyclotron resonance and its location as the Alfvtn resonance layer (ARL). Qualitatively this solution represents a fast wave which undergoes resonant absorption at the A N . For low enough damping, the power deposited at the AFZ is independent of the damping mechanism Hasegawa 1974) .
If parallel electron dynamics (PED) is included in the model (finite electron mass, parallel resistivity or finite electron thermal speed), the differentid equation of wave motion for fixed k, becomes fourth order and has four solutions, not all of which need be physically admissible. These solutions physically represent coupled fast-shear wave modes. One of these corresponds physically to the process of resonant absorption where the resonance is resolved by mode conversion of the fast wave to the shear Alfvtn wave (Swanson 1989, Hasegawa and Chen 1976) . The shear Alfvtn wave is a short perpendicular wavelength mode when either electron mass or thermal velocity are included in the model (Ross el al 1982, Vaclavik and Appea 1991) . In a collisionless plasma, the effects of PED depend on the value of p. If 0 >> m J m i the kinetic Alfvtn wave (KAW) is excited and propagates on the high density side of the ARL. If p << m,/mi the dispersion of the excited shear wave is determined by the k i t e electron mass. This latter wave propagates on the low density side of the ARL and has consequently been referred to as the surface quasi-electrostatic wave (SQEW) (Stix 1980, Vaclavik and Appert 1991) . In the vicinity of the ion cyclotron frequency the SQEW is also referred to as the cold electrostatic ion cyclotron wave (CES ICW) (Ono 1993) . Provided the shear wave does not interfere with itself after reflection at a boundary, it has been shown that the power transferred from the fast wave to the shear wave is the same as that calculated in the ideal MHD limit for resonant absorption (Hasegawa and Chen 1975) . Shear AlfvCn wave excitation by fast-wave resonant-mode conversion (FWRMC) forms the basis of the AlfvCn wave heating (AWH) scheme and, in the case of the KAW, has been observed and modelled with satisfactory agreement (Weisen et a1 1989) . Mode conversion to the SQEW has not yet been observed in experiments.
In an infinite homogeneous plasma, the four modes which result when PED is included in the model are a decoupled fast and shear Alfv6.n wave propagating in each direction. In this limit, both waves are excited directly by the antenna and there is no mode conversion. When excited by a localized antenna with a broad wavenumber spectrum, the Fourier wavenumber components of the shear wave superpose to produce a localized beam guided along the lines of the'steady magnetic field. Wavefield calculations by various authors for localized antennae in an infinite homogeneous plasma (Shoucri ef a1 1985 , Borg 1987 ) and group velocity calculations (Borg 1987 , Cross 1988a demonstrate that this property remains substantially true even at finite frequency.
The question naturally arises as to whether this directly excited shear Alfv6n mode is expected to propagate in an inhomogeneous plasma If so, how is it coupled to the fast wave and what is the relative efficiency of this process compared with shear wave excitation by FWRMC? The above condition on p can be expressed as r~(m-~)T(eV) << 1OZ1B2(T) so that for typical fusion plasma scrape-off layer (SOL) parameters, the SQEW propagates in the plasma periphery and the KAW in the plasma interior. The SQEW is therefore the most likely candidate for direct excitation by an antenna located in the SOL. The process of direct antenna excitation of the SQEW has, in fact, been noted in some, but not all, numerical antenna-wave coupling simulations for AWH which include PED (Ross et al 1986 , Pun 1987a . Here the aim is to optimize the antenna so that direct excitation is minimized, the mode-conversion process dominates and power deposition occurs in the plasma interior. Detailed studies of the direct excitation process have not been performed because of the difficulty of differentiating even qualitatively between the directly excited and the modeconverted SQEW. In particular, ,qided AlfvCn beams formed by Fourier superposition of directly excited shear AlfvCn waves have not been theoretically predicted for a typical fusion plasma. Recently, however, Cross (1988b) has demonstrated the existence of guided modes which form solutions in the MHD limit Experimental evidence for direct excitation is clear. Borg ef al (1985, 1987) have confirmed that a small magnetic dipole loop antenna couples to a localized shear AlfvBn wave beam which propagates for several transits around the circumference of a toroidal plasma along field lines intersecting the antenna before being scattered by limiters and other objects located in the SOL. Experimental results indicate that this wave can propagate in a narrow beam up to the ion cyclotron frequency above which it no longer propagates. The same results have recently been confirmed for an AlfvCn wave heating antenna (Murphy 1989) . The WKB approximation (Fejer and Lee 1967 ) cannot be applied in these cases because the perpendicular wavefield scale is of the same order as the density gradient scale and the parallel wavelength much longer than the radius of field line curvature. Nonetheless, conditions have been obtained in a laboratory plasma where the WKB approximation applies (Ono 1979) . Moreover, under special conditions, the shear Alfvdn wave propagation characteristics are quite simple. For example, in a cylindrical plasma with a radially symmetric density gradient the axisymmewic shear Alfvin mode can be excited directly by the antenna and propagates at a local Alfvin speed (Cross and Lehane 1968, Cross 1983) . A detailed analysis of this case has been given by Sy (1984) .
In this paper we demonstrate the existence of a directly excited shear Alfven wave for the case of non-axisymmetry, ky # 0, under conditions where the WKB approximation does not necessarily apply. We address the problem using simple analytical techniques and restrict analysis to the low-frequency limit, and a one-dimensional linear density variation perpendicular to a constant magnetic field. It would be more ambitious to treat the cases of finite frequency and a curved magnetic field. We will also consider, for the fist time, the relative efficiency of the direct-excitation and the mode-conversion processes. We will present a simple analytical formula for the ratio of the directly excited shear wave to that excited by mode conversion which is valid for modest damping in a slab plasma.
This paper is structured as follows. In section 2 we revise the problem of antenna coupling to Alfvin waves in a homogeneous plasma in order to obtain a basic intuition about the shear Alfv6n wave with finite electron mass. In section 3 we formulate the problem of AlfGn wave propagation in an inhomogeneous plasma and discuss energy conservation. In section 4 we consider the antenna-wave coupling problenvfor an arbitrary inhomogeneity by considering two well known limits for which the exact solutions are known. In section 5
we present some results. Finally in section 6 we conclude with a discussion of the relevance of the results to experimental observations.
Antenna coupling to AIfvh waves in a homogeneous plasma
In this section we consider the l i t where the frequency is much lower than the ion cyclotron frequency and the finite electron mass is the dominant PED effect so that the SQEW
propagates. The case of finite frequency has been treated elsewhere for a homogeneous plasma (Borg 1987 , Shoucri er af 1985 .
We consider a plasma described by the following low-frequency dielectric tensor. where 2 2 2
where vd is the electron-ion collision frequency and wei,ce the ion and electron,cyclotron frequency, respectively. Here we are also assuming that w >> kzube where uthe is the electron thermal speed. The wave equation is given by
where k i is the vacuum wavenumber. For simplicity we consider the following antenna current distribution,
where k, is the wavevector along the steady magnetic field and ky in the y-direction. The situation is depicted in figure I@ ). The sheet current automatically satisfies charge conservation since Joy = -kzJoz/ky has been assumed. It is a straightforward matter to solve for the wavefields of the fast and slow wave (Borg 1987 
E , is related to E2 for the SQEW by
where kA = W / V A is the AlfvCn wavenumber and k = (A2+k:)'Iz is the total wavenumber. In equation (4b), the slow wavevector in the x-direction is given by
Notice that the fast wave is an evanescent vacuum field which cannot couple energy to a homogeneous plasma. This is very different to the case of an inhomogeneous plasma as we shali see. The SQEW is backward propagating in the x-direction and is launched solely by the z-directed elements of the antenna (Borg 1987) . Unlie the fast wave it also propagates down to very low density where FS 0. The power per unit area radiated by the antenna into a SQEW propagating in one direction is given by Equation (5) can be shown to be in agreement with Stix's (1992, pp 70-7) formula for the energy transported by a plasma wave when the dielectric tensor of equation (1) is applied. The energy of the SQEW is transported by coherent particle motions. It is easy to show that in this low-frequency limit, the SQEW has no magnetic field component bz along the steady field and that in the limit k, > kA, it has no magnetic field at all. In this low-density limit the SQEW therefore becomes electrostatic. For kz c kA the SQEW is evanescent. The S Q W has some other interesting properties. The ratio of the density perturbation to average density is given by (Donnelly and Cramer 1986) . ii dnjdx E, iwb, iwsosll aE,
where n is the equilibrium density.. The SQEW can therefore have a very high density fluctuation level, which increases with the imposed k,.
As kA approaches zero the dispersion relation (4d) reads kJk1 = y where k i = kg+ky' and, as for the lower hybrid wave, the SQEW excited by a localized antenna propagates along the magnetic field with a resonance cone of angle 0 = tan-'(y) (Ono 1979) . Similarly one may show using ( 4 4 that the group velocity of the SQEW is directed mainly along the magnetic field of a homogeneous plasma. Either way, we obtain the well known result that a SQEW wavepacket is guided by the magnetic field.
It is of interest to know whether these properties remain valid for an antenna located in an inhomogeneous plasma for which the imposed k, and kz are of the order of the spatial scale of the density and magnetic field. We aim to justify the assertion that direct excitation of the SQEW by an antenna can be successfully modelled by the homogeneous plasma limit for plasma conditions typical of AWH in toroidal devices.
AIfv6n wave propagation in an inhomogeneous plasma
We again consider wave propagation in the low-frequency limit. In an inhomogeneous plasma, difficulties arise at finite frequency due to the appearance of a cut-off, resonance, cut-off triplet in the MHD model fast-wave dispersion (Stix 1992 pp 373-9). At low frequency, these critical frequencies merge together and complicate the asymptotic analysis of the fourth-order model including the PED. In what follows, we will avoid this problem by seeking full wave solutions in closed form to supplement the asymptotic formulae.
The differential equation of wave motion
We consider the problem depicted in figure l(b) with linear density profile and a homogeneous plasma SOL. We let the Alfvin wavenumber be specified by
where ka is the value of the AlfvCn wavenumber in the homogeneous plasma SOL region for x < 0. For x > 0 the following differential equations for Ey and Ez are obtained from wave equation (2) after eliminating Ex:
If we assume that A' >> k i for all x such that ki(x) c k: then equations (8) can be rewritten to lowest order in k:/h2 as It may be shown that if (9a) is multiplied by E:ky/kz and is subtracted from equation (9b) multiplied by E; then the following expression is obtained after integration:
where and X I and xz are arbitrary x values at which T is evaluated and AT = T(xz) -T(x1). In the absence of damping AT = 0. Since T = P, except for a term proportional to k i we conclude from equations (12) and (13) that equations (9a) and (9b) conserve the Poynting flux to lowest order in k: fky'. Conservation of energy in the sense of equations (12) and (13) has to be satisfied by all solutions obtained to equations (9). 
In X coordinates the ARL is located at X = 0 and the low-density side of the ARL is located at X > 0 where the SQEW propagates. Many similar fourth-order differential equations have been obtained for various waveheating scenarii involving mode conversion ( Stix 1965 , Bellan and Porkolab 1974 , Ngan and Swanson 1977 , Perkins 1977 , Faulconer 1980 , Swanson 1989 , Stix 1992 ).
The solution to equation (14) can be written down in closed form by employing the method of the generalized Laplace transform (Swanson 1989) . Before doing so, however, we approximate the right-hand side of equation (14) by replacing 01 + 1 -X in the denominator by a constant D. We will soon show that this term does not contribute in lowest order to the asymptotic expansion of E? for large X . Consider the following representation of Er:
where C is an arbitrary contour in the complex t-plane. We apply the differentid operator of equation (14) to equation (15) 
In equation (16) we make the substitution t = -AlX + S2/A21'/2p to obtain the following integral representation of E y ( X ) :
Equation (17) is amenable to solution by asymptotic techniques. For large values of L the third term in the expression for w ( p ) can be neglected justifying OUT previous assumption of letting D be constant. We shall soon see, however, that energy conservation depends on this equilibrium gradient term. For the following analysis we therefore approximate
In order to solve equation (14) we need to invert (17) for different contours in the complex plane until all physically meaningful solutions are obtained. In practice, equation (14) has four linearly independent solutions. We shall find that for the problem depicted in figure l(b) there are two solutions of physical significance.
Fast-wave resonant-mode conversion to the shear Alfiin wave
In order to obtain the usual solution to equation (14) describing FWRMC we first consider the well known MHD solution. When A --f CO, finite electron mass effects are eliminated from the physics, the SQEW no longer propagates and equation (14) simplifies to the following second-order differential equation:
Equation (19) is recognized as the usual modified Bessel equation describing the MHD limit Hasegawa 1974) . This equation has the solution
where KO is the McDonald function which satisfies Ey + 0 as X + -CO and has to be analytically continued for X > 0 to give
This solution represents the fast wave of ideal MHD. As previously mentioned, the solution has a singularity at the ARL, X = 0. It may be shown that the power coupled per unit area by the fast wave to the ARL is given by Hasegawa 1974) To the best of the author's knowledge, the method of the generalized Laplace transform has not been applied to obtain the solution to equation (14) describing FWRMC. Moreover, it has never been shown analytically that the KAW (or the SQEW) actually transports this energy away from the A-. GivenThe vast difference in the physics of equations (14) and (19), it would provide an i m p m n t test of the present calculation to show that the energy transported by the mode-converted SQEW according to equation (5) is indeed given by equation (20). This is the task to which we now turn.
We first obtain the solution to equation (19) by the Laplace transform technique since this will enable us to infer directly the solution to equation (17). The Laplace transform has the following simplified form for w ( p ) :
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sinh(u) = ilpB
We make the substitution p = ipB sinh(u) in equation (17) using (21) and define
I s , Expression (22) is a well known integral representation of the McDonald function where C denotes the contour depicted in figure 2(a) of the complex u-plane (Davies 1978) . After making the same substitution in equation (17) using (18) we obtain the following expression for E,:
where 1x1 >> 62/h2 has been assumed. The contour C is similar to that of figure 2(a) and is depicted in figure 2(b) for the case where X =-0 and figure 2(c) for X c 0. The contour has to be chosen as usual so that the integrand of (23) approaches zero as IuI + 00. The hatched regions indicate where this condition is satisfied.
An asymptotic solution to integral (23) can now be obtained by the method of steepest descents (Bleistein and Handelsmann 1975 p 265) by crosses in figures 2 and 3. The contour C has been deformed so that it passes through the saddle points of the real part of V ( u ) along the directions of steepest descent.
For X > 0, the directions of steepest descent in figure 2(b) are given by arg(u) = n/4 for sinh(u) = I/PB in each case and arg(u) = a/2 for cosh@) = 0. For X 7 0, the first term of the asymptotic expansion valid to largest order in L~B = 81x1 is then
Er(X) M F e x p i
AlX13/2 { -lAlX13/2 3 + -7 4 +2K0(-8X). (244 For X < 0, the directions of steepest descent are given by arg(u) = f n / 2 for sinh(u) = 1/pB and arg(u) = 0 and R for cosh(u) = 0. The solution is given by Here we have replaced the asymptotic part for the fast wave due to the saddle points of cosh@) = 0 by the McDonald function but it must be borne in mind that equation (23) is not valid near X = 0. Equation (2A) l i e equation (17) is, in particular, not singular at X = 0 as in the MHD case. For X > 0 there is a n additional term with the SQEW wavenumber which propagates on the low-density side of the AFX as expected. This wave is backward propagating since it propagates towards X = 0 when its energy propagates toward X = +CO. For X < 0, the solution consists of an evanescent SQEW and the fast wave represented by the McDonald function. As in the case of ideal MHD, the fast wave is described by the McDonald function of a negative argument for X > 0 and a positive argument for X < 0. Analytic continuation for X > 0 therefore produces the Io Bessel function required to describe a fast wave launched by the antenna. Solution (24) therefore represents the case of SQEW excitation by FWRMC. We now demonstrate that energy is conserved.
Direct substitution of equation (24) into equation (14) proves that it satisfies the differential equation to highest order, A4, irrespective of the coefficient of the exponential term in equation (24). Solution (24) also satisfies equation (14) to h3 with the above coefficient provided we ignore the equilibrium gradient term on the right-hand side of equation (14) as previously ,assumed. It is also easy to check that if we substitute this coefficient for the SQEW into equation (S), we do not obtain equation (20). If, on the other hand, we retain the equilibrium gradient term and use the form of w ( p ) given in equation (17), then one can only obtain an asymptotic expansion by assuming that (27) we note that satisfies energy conservation. Equation (28) indicates that the amplitude of the SQEW adjusts itself at each value of X to keep the power flux of equation (5) equal to the value of equation (20). This agrees with the conclusions of Hasegawa and Chen (1975) . This concludes the discussion of SQEW excitation by FWRMC. We have demonstrated the important result that the energy lost by the fast wave is transported away from the AFC by the SQEW. Energy conservation, however, requires the equilibrium gradient term in equation (14). The FWRMC solution was obtained in analogy with the ideal MHD case of resonant absorption.
Direct excitation of the shear AlfiLn wave
A second solution to equation (14) can be obtained directly from equation (17). First, however, we consider an approximate solution to equation (14) valid in the limit where L&/3 >> 1 or S3 >> A' . Equation (17) where w ( p ) is defined in equation (18). It is easy to show that the corresponding form of equation (14) in this approximation is given by
The first operator in equation (30) describes the fast wave of a homogeneous plasma. There is no resonant absorption in this model because the fast-wave solution is not singular nor is there any mode conversion because the fourth-order differential equation has separated into two decoupled second-order differential equations. The second operator is the differential equation for the Airy function and describes a SQEW which propagates independently of the fast wave. Its solution is given by
where Ai is the Airy function. The Ai-Airy function is chosen by requiring that the SQEW fields remain bounded as X + -w. This expression describes a standing SQEW which originates in the plasma boundary and propagates toward the Alfv6n resonance layer at X = 0 where it is reflected. It is clear that this solution is a WKB-like approximation for a near-homogeneous plasma with the important difference expected from the dispersion relation of equation ( 4 4 that the SQEW undergoes cut-off at the A X . This follows because for kz c k,, k, becomes imaginary. The SQEW musf therefore, form a standing wave on the low-density side of the ARL after being excited directly by the antenna. Solution of equation (30) by Green's functions for the geometry of figure l(b) confirms this remark. In addition, besides the usual mechanism for SQEW excitation by z-directed current elements, the solution obtained indicates that x-directed ('radial feeders') of the antenna couple to the wave provided the antenna feeds are located in the density gradient.
As in the previous section, solution of equation (30) (29) and (b) the solution of equations (17) for X > 0 using the eontours ClUCz and X < 0 using the contour C3.
Handelsmann 1975, p SO) for the integral of equation (29). For X 0 the contours CI and CZ have to be chosen and for X < 0 the contour C3 has to be chosen in order to generate the Ai-Airy function. The integrands in equations (17) and (29) 
The analogous contours for equation (17) are shown in figure 4(b) . These contours are the same except for the branch cuts arising from the branch point singularities at p = &p, in equation (17). An integral representation for equation (17) can also be obtained in a similar manner to that of equation (32) by evaluating the integral along the imaginary p-axis:
Not surprisingly, E , in this case is a 'cross' between the McDonald function of a positive argument and the Ai-Airy function of equation (32) (Abramowitz and Stegun 1970) . Once again, however, there is no singularity at X = 0. It is important to note that the McDonald function has a positive argument for both X > 0 and X i 0.
Unlike the fast-wave function in equation (23), the fast-wave solution here decreases on both sides of the A I U and is not suitable for representing a fast wave excited by an external antenna. Equation (33) is therefore a second linearly independent solution to equation (14). In figure 4(6) the saddle points of the integrand of equation (17) From equation (34a) we see that the amplitude of the wave is determined by the boundary conditions satisfied by the SQnV wavefields at the antenna because the McDonald function is exponentially small far from and on either side of the ARL at X = 0. This is important because, in the presence of reasonable damping, we may neglect the effect of the equilibrium gradient term in equation (14) on the amplihde term of the SQEW in equation (34a). In the absence of damping, however, the same correction (equation (28) ) to the amplitude of equation (24a) as a result of the equilibrium gradient term is expected to apply to equation (34a) because equations ( 2 4~) and (34a) both satisfy equation (14). As we shall soon see, for the conditions of a typical laboratory plasma, the SQEW term in equation (34a) dominates the McDonald fast-wave function. For X < 0 the saddle point is at p = -1 and the solution is given by Equation (34b) describes an evanescent SQEW for X < 0 as expected. We conclude that equations (34) represent a SQEW mode excited directly by the antenna.
Antenna coupling results
We have obtained two solutions to equation (14). Each solution represents an excited SQEW. Solution (24) which corresponds to the MHD limit case of resonant absorption describes a SQEW excited by FWRMC. Solution (34) corresponding to the WKB or a homogeneous plasma limit describes a SQEW excited directly by the antenna. Far from the ARL this wave propagates independently of the fast wave.
It is relatively straightforward to use the asymptotic solutions (24) and (34) to equation (14) to calculate the total wavefield excited by the antenna of equation ( 3 ) for the situation depicted in figure l(b) . The solutions in the SOL region consist of equations (4a) and (4b) plus two reflected waves from the interface at x = 0 each with an unknown constant multiplying factor. There are also two unknown constants multiplying the solutions (24) and (34) for x > 0. These four unknown constants are determined by four boundary conditions satisfied by Ey at the x = 0 interface. The boundary conditions which are derivable from equation (14) are that Ey and its first three derivatives are continuous across the x = 0 interface.
A sample wavefield is shown in figure 6 for conditions typical of a medium-sized tokamak. This calculation is for k, = 1.0, kz = 2.0, ky = 20 rad m-', A = 0.05 m and for modest damping where y = ( 1 + 0.05i) x
The directly excited SQEW can clearly be seen near the antenna to the left and the asymptotic remainder of the mode-converted SQEW to the right near the ARL. The equilibrium gradient term has been included in these calculations so that for the case of high damping the total power radiated by the antenna is equal to the sum of the direct SQEW and the mode-converted SQEW. In the case of low damping, the SQEW propagating to the left of the antenna carries all the antenna radiated power. Figure 7 shows the ratio of the power coupled by the antenna to the SQEW to that of the fast wave for the same conditions of figure 6 but as a function of various transverse wavenumbers, k,. These results are plotted as points. The increase in this ratio with ky is due to the decrease in the power coupled to the mode-conveaed SQEW with increasing k, as a result of the fast-wave cut-off. The lower mode numbers k, < 10 rad m-l are, in fact, typical of AWH. This reaffirms the conciusion that low non-zero poloidal mode numbers (especially m = 1) are best for FWRMC. For localized antennae, the high k, cannot be ignored and, if desired, can be preferentially excited. For this cme of modest damping where the directly excited SQEW does not interfere with itself after reflection from the ARL and where the modeconverted SQEW does not interfere with itself after reflection from the boundary, the above ratio ought to be simply given by that of the direct SQEW power as calculated for a homogeneous plasma from equations (4b) and (5) where PD and PM are the powers coupled, respectively, to the directly excited SQEW and the SQEW after mode conversion. This ratio has been plotted over the points in figure I . We conclude that the simple analytical result of equation (36) Although the model presented in figure l(b) (or the case of a continuously linear variation of the density of the antenna) is probably the most realistic SOL model for a onedimensional plasma, it is important to examine the nature of the wavefields excited by the same sheet antenna for other commonly used models of the SOL. We now consider the cases where the SOL is modelled by a low-density plasma and by a vacuum region. We wish to conclude whether the antenna excitation efficiencies of the directly excited and the modeconverted SQEWs predicted by these models are in agreement. The boundary conditions assumed are that E?, Ez, by, b, are continuous across a plasma-plasma or a plasmavacuum interface for the case of finite electron mass. We also assume for the moment that the damping is sufficiently large that the SQEW is damped between the boundary and the ARL.
For the case of an infinite homogeneous,plasma (equations (4(a)) and A2 > k: , the fast wave is a cut-off mode. For a low-density plasma or vacuum region however, it is easily verified that the fast wave can propagate with k," = -AZ. This mode is referred to as the surface wave (SW) and is discussed in detail by Cross (1988a) for a slab plasma and ,by Cross (1988a) and Ballico and Cross (1989) for a cylindrical plasma. The effects of finite electron mass have been discussed by Cross and Miljak (1993) . For a vacuum boundary, the surface wave satisfies the dispersion relation, U(: = kz, and an eigenmode G G 30rg resonance can be expected for antennae which possess this kz in their parallel wavenumber spectrum. For kz >> k, in the SOL there is little difference between the cut-off fast wave and the surface wave solutions and for %$ = k,' the SQEW is evanescent everywhere in the plasma. Consequently if mode conversion is possible within the plasma we do not expect the SOL model to make much difference.
It can also be shown that for A >> k:, k, and regardless of which model is chosen, the ratio of direct SQEW to fast-wave amplitude in the plasma is always given by -iA/ks where ks is given by equation (44. The direct SQEW is, therefore, not strongly affected by the vacuum boundary in this model.
If a realistic damping is included in these calculations, the SQnV excited or reflected at the ARL undergoes interference with itself after reflection at the plasma-vacuum interface and is observed to form high-Q resonances (Ross et al 1982 , Donnelly and Cramer 1986 , Li et al 1989 . In the calculations relevant to figure 1, however, the SQEW cannot undergo reflection because there is no vacuum boundary, metallic antenna nor a conducting wall.
Such resonances have never been observed experimentally and it may be that in a real plasma either the damping is higher than expected or the short-wavelength SQEW is scattered by limiters and antennae located in the SOL.
In the case of cylindrical plasma, the geometry acts to increase the amplitude of the surface wave inside the plasma so that the results of this paper underestimate the antenna coupling efficiency for the mode-converted shear wave. A realistic treatment should also include the effects of finite frequehcy. We may conclude from the present results at modest damping, however, that the homogeneous plasma model may be used at finite frequency to estimate the power coupled to the directly excited shear wave, whilst a simple finite frequency MHD code for the same antenna can be used to calculate the antenna coupling efficiency to the shear wave excited by FWRMC.
Discussion
In this paper, we have established the relationship between the directly excited shear Alfvtn wave of a homogeneous plasma and that of a one-dimensionally inhomogeneous plasma. In .particular we now have a plausible theory for direct shear Alfv€n wave propagation in laboratory plasmas and a primitive comparison between this process and shear Alfvtn wave excitation by fast-wave resonant-mode conversion.
Although the profiles shown in figure 6 indicate that the directly excited wave and the modeconverted wave have a similar structure, it must be bome in mind that for a real antenna, the appearance of the two waves would be quite different. Summation of the wavevector components for the direct SQEW leads to a localized structure which 'images' the form of the antenna along the field lines intersecting the antenna. The modeconvetted wave, on the other hand, will be influenced by the dispersion of the fast wave. The directly excited SQEW is, therefore, similar to that of an infinite homogeneous plasma. This also shows that the resonance cone predicted by cold plasma theory with finite electron mass and verified experimentally by Ono (1979) and the guided beams of Borg et a1 (1985, 1987) are as expected for an inhomogeneous plasma. Work has only just begun to investigate the applications of slow waves to fusion plasmas. Ono (1993) has reviewed some experimental studies of slow waves and has suggested using the directly excited SQEW (CES ICW) to remove helium ash from the plasma periphery by selective edge heating. Recent experimental results also suggest that AIfvCn waves may be employed for efficient plasma formation in a stellarator (Lysojvan et al 1992 (Lysojvan et al , 1993 where different couplers are required for plasma breakdown and high-density formation. These applications rely on a good understanding of the properties of the shear Alfvin wave and its excitation mechanisms. The shear AlfvEn wave may also influence hmsport given the large RF density perturbation predicted from equation (6). During Alfvtn wave heating experiments with excited powers in the range of 100 kW and w/oci = 0.2, large RF edge density perturbations have indeed been observed with amplitudes comparable with the quiescent edge density (Borg et al 1993) .
